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The mechanism of corrosion product ﬂaking on bare copper sheet and three copper-based alloys in
chloride rich environments has been explored through ﬁeld and laboratory exposures. The tendency
for ﬂaking is much more pronounced on Cu and Cu–4 wt%Sn than on Cu–15 wt%Zn and Cu–5 wt%Al–
5 wt%Zn. This difference is explained by the initial formation of zinc and zinc–aluminum hydroxycarbon-
ates on Cu15Zn and Cu5Al5Zn, which delays the formation of CuCl, a precursor of Cu2(OH)3Cl. As a result,
the observed volume expansion during transformation of CuCl to Cu2(OH)3Cl, and concomitant corrosion
product ﬂaking, is less severe on Cu15Zn and Cu5Al5Zn than on Cu and Cu4Sn.
 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
Copper and copper-based alloys form a large group of important
construction materials for outdoor applications due to their
appealing visual appearance, desirable mechanical and physical
properties as well as their inherent resistance to atmospheric cor-
rosion. Signiﬁcant knowledge exists in the scientiﬁc literature on
patina formation on copper in marine exposure conditions, and
to some extent also for some copper-based alloys in chloride rich
environments [1–7]. In sheltered marine exposure conditions
cuprite (Cu2O) is the initial phase in the evolution of the copper
patina. Interaction with chlorides results in the formation of nan-
tokite (CuCl) which commonly transforms to atacamite or the iso-
morphous phase paratacamite (Cu2(OH)3Cl) as the end corrosion
products [1]. These constituents have also been identiﬁed within
the patina on bare copper in unsheltered marine exposure condi-
tions [2], and observed after exposure in laboratory conditions
with humidiﬁed air and predeposited NaCl [3,8]. The patina con-
stituents have also been observed within the patina on restored
ancient bronzes [9–11], and nantokite, trapped within the patina
of archeological bronzes, and paratacamite are important constitu-
ents in so-called bronze disease [10,11]. Tin oxide (SnO2) has also
been identiﬁed within the patina on bronze exposed to different
environments [12,13].On brass (Cu–Zn alloys) amorphous zinc hydroxycarbonate,
hydrozincite (Zn5(CO3)2(OH)6) and zinc oxide (ZnO) were observed
to cover a large part of the surface after exposure in sites with low
chloride deposition rates [6], while zinc oxide was formed in
laboratory conditions with only humidiﬁed air [14]. The patina
composition on Cu5Al5Zn has rarely been investigated. However,
hydrozincite (Zn5(CO3)2(OH)6), simonkolleite (Zn5Cl2(OH)8H2O),
Zn2Al(OH)6Cl2H2O and hydrotalcite (Zn6Al2(OH)16CO34H2O) have
been observed as possible patina constituents [15]. These phases
have also been detected as constituents in the patina evolution
on zinc and zinc–aluminum alloys in different atmospheric
exposure conditions [16–18].
In a recent study [15], the metal release and corrosion proper-
ties were investigated of copper and three commercial copper-
based alloys (bronze, Cu4Sn; brass, Cu15Zn and Cu5Al5Zn) used
in outdoor building applications during long-term exposures in
marine atmospheric environments with four different levels of
chloride deposition rates. Up to 3 years of exposure, severe
corrosion product ﬂaking was observed on Cu and Cu4Sn, but to
a much lesser extent on Cu15Zn and Cu5Al5Zn. Flaking of corrosion
products formed on Cu-based alloys in marine environments has
occasionally been reported earlier [19], but the underlying
mechanism seems largely unexplored.
A more detailed study was therefore undertaken to possibly
reveal the mechanism of corrosion product ﬂaking on copper-
based alloys in marine environments. The starting point was the
possible importance of nantokite for corrosion product ﬂaking
[15]. Complementary laboratory exposures were conducted with
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to paratacamite was studied in detail during well-controlled cyclic
wet/dry exposures. The inﬂuence of humidity and chlorides on the
corrosion product composition, morphology and degree of ﬂaking
was investigated in situ with IRAS (Infrared Reﬂection Absorption
Spectroscopy) and ex situ with CRM (Confocal Raman Microspec-
troscopy), SEM/EDS (Scanning electron microscopy/Energy
dispersive X-ray analysis) and GIXRD (Grazing incidence X-ray
diffraction).2. Materials and methods
2.1. Materials and surface preparation
Commercial surfaces of bare copper sheet (purity 99.98%),
Cu4Sn (96 wt% Cu and 4 wt% Sn), Cu15Zn (85 wt% Cu and 15 wt%
Zn) and Cu5Al5Zn (89 wt% Cu, 5 wt% Al, 5 wt% Zn, and 1% others)
were provided via the European Copper Institute, Brussels. For
more detailed information on bulk alloy composition, see [15].
The bare samples were cut to a dimension of 1  1 cm for in situ
IRAS exposure and 2  5 cm for climatic chamber exposure. Each
sample was mechanically abraded on 800# and 2400# SiC paper
and then diamond polished down to 1 lm to obtain a fresh surface.
All samples were cleaned ultrasonically in analytical grade ethanol
for 10 min and dried by cold nitrogen gas then stored in a desicca-
tor overnight.
A nantokite layer (CuCl) was grown artiﬁcially on the bare
copper surface. The synthesis protocol of artiﬁcial nantokite
followed the procedure in [20,21]. After the same surface prepara-
tion as above, bare copper samples were immersed for 1 h in a sat-
urated CuCl22H2O solution (>78 g of CuCl22H2O per 100 mL of
deionized water). The samples were then rinsed with deionized
water followed by immediate drying in N2 and storage in a desic-
cator overnight.2.2. Laboratory wet/dry cycle exposure conditions
Parallel experiments were conducted by means of in situ IRAS
(Infrared reﬂection absorption spectroscopy) and climatic chamber
exposures. Wet/dry cycle experiments were carried out on copper
and copper-based alloys samples exposed to the following cyclic
exposure conditions: NaCl pre-deposition (4 lg NaCl/cm2), the ﬁrst
cycle 4 h (RH 90%) and 2 h (RH 0%), the second cycle 16 h (RH 90%)
and 2 h (RH 0%). These cycles were repeated several times. Detailed
information of the wet/dry experiments is given elsewhere [17].
Prior to exposure, NaCl (in a saturated 99.5% ethanol solution)
was applied onto the surfaces by means of a transfer pipette. Upon
ethanol evaporation, NaCl crystals were relatively homogeneously
distributed over the surface. The amount of deposited NaCl was
weighed by means of a microbalance (Mettler Toledo Excellence)
and normalized to the geometric surface area of the samples.
Detailed information on the procedure for pre-deposition of NaCl
is given elsewhere [22].
Climatic chamber exposure was conducted by using WEISS
WK1000 climatic chamber. Four different samples (Cu, Cu4Sn,
Cu15Zn and Cu5Al5Zn) were attached on each Plexiglas ﬁxture
and exposed 45 from the horizontal in the chamber. The exposure
of all samples on Plexiglas ﬁxtures started simultaneously follow-
ing the wet/dry cycles described above. After 1, 2, 6 and 14 cycles
(corresponding to 6 h, 1, 3, 7 days) each Plexiglas ﬁxture was with-
drawn. Further ex situ surface characterization was performed on
exposed samples.
In situ IRAS analysis of samples with predeposited NaCl was
performed in a chamber inside the infrared spectrometer with
humidiﬁed air following the same wet/dry cycles as during theclimatic chamber exposure. By mixing dry and wet pre-cleaned
compressed air of reduced CO2 (lower than 20 ppm), controlled
humidiﬁed conditions were obtained. In order to obtain ambient
CO2 concentration, 350 ppm, a small ﬂow of air with 1.17% CO2
from a CO2 cylinder was added into the humidity chamber. Exper-
imental details are given elsewhere [23]. In situ IRAS spectra of
corrosion product formation were generated during the dry cycles.
2.3. Long-term ﬁeld exposure conditions
The same batch of non-treated copper and copper-based alloys
as investigated in the laboratory was also exposed in unsheltered
conditions (45 from the horizontal, facing south) at the marine
site of Brest, France, for 3 years. This site corresponds to site 1 in
the previous study [15] and is located close to the coastal line
(<5 m, on the seashore), where the measured deposition rate of
chlorides was categorized as S3 (300–1500 mgm2 d1).
Exposed samples for cross-sectional analysis were embedded in
a conductive polymer followed by polishing with 0.25 lm
diamond paste and by subsequent polishing for 15 min using OP-
S suspension (Struers A/S, Denmark) and water, whereby a near-
mirror like surface of each cross-section was obtained.
2.4. Surface and patina analysis
IRAS (Infrared reﬂection absorption spectroscopy) measure-
ments were employed to identify functional groups within the
patina formed. The spectra were recorded by means of a commer-
cial Digilab 4.0 Pro FTIR (Fourier transform infrared reﬂection spec-
troscopy) spectrometer with a MCT detector (4000–400 cm1),
acquiring 1024 scans with a resolution of 4 cm1 for each spec-
trum. The results are presented in absorbance units (log (R/R0)),
where R is the reﬂectance of the exposed sample surface and R0
the reﬂectance of the non-exposed sample [24].
SEM/EDS (Scanning electron microscopy and energy dispersive
spectroscopy) analysis was conducted to obtain patina morphology
and elemental information. Cross-sections were analyzed using a
LEO 1530 instrument with a Gemini column, upgraded to a Zeiss
Supra 55 (equivalent) and an EDS X-Max SDD (Silicon Drift Detec-
tor) 50 mm2 detector from Oxford Instruments. The images of
cross-sections were recorded by using a backscattered electron
(BSE) detector with an accelerating voltage of 15 kV. Surface anal-
ysis was performed using a FEI-XL 30 Series instrument, equipped
with an EDAX Phoenix EDS system with an ultra-thin windows Si–
Li detector. All surface images (75% SE, secondary electrons and
25% BSE, backscattered electrons) were obtained using an acceler-
ating voltage of 20 kV.
CRM (Confocal Raman microspectroscopy) measurements were
carried out to display the lateral distribution of functional groups
within the patina using a WITec alpha300 system equipped with
laser sources of wavelength 532 nm and 785 nm. A Nikon NA0.9
NGC objective was used giving a lateral resolution of around
300–400 nm.
GIXRD (Grazing incidence X-ray diffraction) analysis was used
to identify the crystalline corrosion products. The measurements
were performed with an X’pert PRO PANALYTICAL system,
equipped with an X-ray mirror (Mo Ka radiation) and a 0.27
parallel plate collimator on the diffracted side. Scanning patterns
were generated from a 1  1 cm area at a grazing angle of 88
versus the surface.3. Results and discussions
Evidence is ﬁrst presented of the different ﬂaking characteris-
tics during marine ﬁeld exposure of bare Cu and Cu4Sn one hand,
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proposed that nantokite plays an important role for the ﬂaking
process, and the subsequent sections present more detailed labora-
tory and ﬁeld studies on the occurrence and role of nantokite for
the patina evolution, including the volume expansion during trans-
formation of nantokite to paratacamite. Finally, the observation of
zinc and zinc–aluminum hydroxycarbonates on the copper-based
alloys with least ﬂaking characteristics is presented, and possible
implications for the ﬂaking mechanism discussed.3.1. Flaking characteristics on copper and copper-based alloys at ﬁeld
conditions
Fig. 1 displays top views of patina morphologies, as seen with
SEM, of Cu, Cu4Sn, Cu15Zn and Cu5Al5Zn after 1 year of exposure
at the marine site. Poorly adherent corrosion products that have
detached as ﬂakes can be revealed on both Cu (a) and Cu4Sn (b),
whereas Cu15Zn (c) and Cu5Al5Zn (d) exhibit minor or no ﬂaking
at all, respectively. Based on many observations throughout the
three years of exposure, ﬂaking was in general quite severe for
Cu and Cu4Sn, while only minor degree of ﬂaking was seen for
Cu15Zn and no ﬂaking at all for Cu5Al5Zn.
SEM-images of cross-sections of patinas on Cu (a), Cu4Sn (b),
Cu15Zn (c) and Cu5Al5Zn (d) after 2 years exposure are displayed
in Fig. 2. In general, a two-layer structure of the patina was
observed for all materials (a three layers structure for Cu4Sn after
3 years exposure) and the total thickness of the patina decreased as
Cu4Sn > Cu  Cu15Zn > Cu5Al5Zn, a trend prevailing throughout
the entire three years of exposure. Further EDS line-analyses were
performed on the cross-sections to reveal the corresponding ele-
mental distribution. The main constituents within the patina layers
were very similar for all copper and copper-based alloys, showing a
non-uniform inner layer predominantly composed of Cu and O,
and a porous outer richer in Cl, besides Cu and O.
As an example, the SEM-image of the cross-section of Cu4Sn
after 3 years exposure is shown in Fig. 3a, and the corresponding
elemental distribution, as viewed by EDS-mapping, is shown in
Fig. 3b (Cl), c (Cu), d (O) and e (Sn) respectively. A poorly adherentFig. 1. Top view SEM images of Cu (a) and Cu4Sn (b) surfaces with loosely adherent corro
adherent corrosion products (minor and no ﬂaking) after 1 year of marine unsheltered ﬁouter patina layer is clearly seen with signiﬁcant amounts of Cl, Cu
and O, probably composed of paratacamite/atacamite, Cu2(OH)3Cl,
similar to the ﬁndings from previous studies [2,9]. Two layers in
the inner part of the patina are also seen that contain streaks of
Cu + O and Sn + O respectively, probably as cuprite (Cu2O) and tin
oxide (SnO2) respectively. Between these two inner layers there
is an interfacial region enriched with Cu and Cl, probably as nan-
tokite (CuCl). Layers of nantokite between Cu2O and the substrate
or within the outer layer have been observed with SEM/EDS after
long term ﬁeld and/or laboratory exposures [2,9,25], and also iden-
tiﬁed with XRD [1–4,26]. Cuprite (Cu2O) and paratacamite (or pos-
sibly atacamite, Cu2(OH)3Cl) were conﬁrmed by means of GIXRD
also in this study. From now on this copper hydroxychloride will
only be denoted paratacamite herein, although it may consist of
atacamite as well.
In summary, after long-term marine ﬁeld exposure heteroge-
neous and loosely adherent patina layers were observed on bare
Cu sheet and Cu4Sn that easily ﬂaked, while more adherent layers
within the patina of Cu15Zn and Cu5Al5Zn were observed. As
conﬁrmed later, the outer patina layer is mainly composed of
paratacamite, the inner layer mainly of cuprite, and the interfacial
region in-between of nantokite. Based on these ﬁndings it is
proposed that ﬂaking is connected with the formation of nantokite.
This hypothesis is further elucidated in the next sections.3.2. Characterization and evolution of a synthetic nantokite layer on
Cu
To explore the importance of nantokite as a precursor for the
formation of atacamite and the underlying mechanism of ﬂaking,
an artiﬁcial nantokite layer was synthesized and applied on bare
copper sheet and subsequently exposed to wet/dry cycles at 90%
RH in the climatic chamber. Following the protocol of artiﬁcial
nantokite described in the experimental part, the nantokite layer
was synthesized by immersion of copper in saturated CuCl2 solu-
tion [20]. The resulting nantokite layer appeared with varying
color, ranging from white, gray, black to yellow with thickness of
approximately 10 lm, as examined by a microprocessor coatingsion products (severe ﬂaking), and Cu15Zn (c) and Cu5Al5Zn (d) surfaces with more
eld exposure.
Fig. 2. SEM images of cross-sections of corrosion patina formed on Cu (a), Cu4Sn (b), Cu15Zn (c), and Cu5Al5Zn (d), illustrated after 2 years of marine unsheltered ﬁeld
exposure.
Fig. 3. SEM image (a) and elemental distribution of chlorine (b), copper (c), oxygen (d) and tin (e) within the cross-section of patina formed on Cu4Sn, seen after 3 years of
marine unsheltered ﬁeld exposure.
Fig. 4. SEM image (a) and Raman spectrum (b) of an artiﬁcial nantokite layer on copper.
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Table 1
Observed 2h and d-spacing values (Å) from diffraction patterns for nantokite,
paratacamite and Cu as shown in Fig. 5 (Mo Ka radiation).
Compound Position [2h] d-spacing (Å)
Nantokite 13.04 3.13
21.30 1.92
25.16 1.63
32.55 1.27
37.74 1.10
Paratacamite 7.47 5.46
8.67 4.70
14.12 2.89
14.82 2.76
18.03 2.27
24.02 1.77
Cu 19.54 2.09
22.61 1.81
32.11 1.28
38.33 1.08
X. Zhang et al. / Corrosion Science 85 (2014) 15–25 19thickness gauge. Fig. 4a is a SEM image of the morphology of the
nantokite layer formed, which is composed of approximately
2 lm sized crystals of triangular side uniformly distributed over
the copper surface, similar to previous ﬁndings [27]. Quantitative
elemental analyses by means of EDS show the crystals to consist
of Cu (atomic percentage 47%) and Cl (48%) and small amounts
of O (5%). The GIXRD pattern of this corrosion layer is shown in
Fig. 5 and displays strong similarity to the standard pattern of nan-
tokite, besides some other weak peaks which were assigned to the
copper substrate (Fig. 5, unexposed). To further conﬁrm the exis-
tence of nantokite, the layer was also investigated with CRM. The
Raman spectrum of commercial nantokite powder exhibits an
intense peak at 463 cm1 [28,29]. However, when nantokite is part
of a corrosion product, it has a very poor Raman response and
degrades through thermal heating, and also rapidly transforms to
the basic copper hydroxide chloride at humid conditions, making
it difﬁcult to measure [26,30]. The Raman spectrum reported
herein on artiﬁcial nantokite always showed an intense peak at
290 cm1 and two less intense peaks at 613 and 1110 cm1, dis-
played in Fig. 4b. Two different laser wavelengths (532 nm and
785 nm) were used for identiﬁcation of this layer and the same
Raman spectra were recorded. This Raman spectrum of artiﬁcial
nantokite is very similar to the reference spectrum of tenorite,
CuO [31]. CuCl is a thermally unstable phase, which can easily
degrade through dechlorination to form CuO [32,33]. So we sup-
pose the oxidation of nantokite was initiated by the highly focused
laser beam simultaneously when performed CRM measurements
and the end product present for the Raman spectrum can be tenor-
ite [31]. Assuming that the detection of tenorite during Raman
analysis is caused by the highly focused laser beam during Raman
measurements, it is therefore concluded that the synthetically pro-
duced layer on copper formed in CuCl2 solution mainly consists of
nantokite. This nantokite layer with its characteristic Raman spec-
trum is from now used as starting point to further explore the
patina formation on exposed copper and copper-based alloys after
exposures in laboratory conditions.
The artiﬁcial nantokite layer on copper was next exposed in the
climatic chamber to an increasing number of wet/dry cycles and
analyzed with GIXRD. The visual appearance of the resulting corro-
sion layer changed gradually and became light greenish and pow-
dery, whereby its thickness continuously increased to about
50 lm, examined by a microprocessor coating thickness gauge
after 14 cycles exposure. In accordance with previous ﬁeld exposed
samples, GIXRD-analyses of the corroded layer conﬁrmed the grad-
ual transformation of artiﬁcial nantokite to paratacamite, see Fig. 5
and Table 1.Fig. 5. GIXRD diffraction patterns of the evolution of a synthetic nantokite layer on
the copper surface, after 0 (unexposed), 2 and 14 wet/dry cycles at 90% RH, and with
predeposited 4 lg/cm2 NaCl.It is evident that the transformation of nantokite to parataca-
mite results in a volume expansion of the phases involved. This
process may create internal physical stresses within the corrosion
layer, resulting in subsequent ﬂaking of corrosion products [10].
In summary, the artiﬁcial nantokite layer was successfully syn-
thesized on bare copper sheet, as conﬁrmed with SEM/EDS and
GIXRD, and consists of triangular crystals with a characteristic
CRM spectrum showing three peaks at 290, 613 and 1110 cm1
respectively. After cyclic wet/dry exposures in the climatic cham-
ber at 90% RH the layer transformed from nantokite to parataca-
mite, a process that was associated with a signiﬁcant volume
expansion.
3.3. The signiﬁcance of nantokite in the patina formed at ﬁeld
conditions
Having established the reference Raman spectrum of nantokite,
further CRM measurements were performed on the cross-sections
of the patinas formed on pure Cu, Cu4Sn, Cu15Zn and Cu5Al5Zn
after marine exposure for 3 years, see Fig. 6. The combined CRM
images clearly distinguish the layered structure of the patina with
its main constituents. Cuprite, Cu2O (main peaks at 219, 424 and
636 cm1) [34], is the main constituent of the inner layer and
paratacamite, Cu2(OH)3Cl (main peaks at 373, 519, 930, 977,
3364 and 3447 cm1) [28] the main constituent of the outer layer
of the patina on bare copper sheet and all copper-based alloys. A
discontinuous thin nantokite layer is intertwined between the
inner and outer layers, as evidenced from the Raman peak posi-
tions in the previous section representative of artiﬁcial nantokite,
CuCl (main peaks at 290, 613 and 1110 cm1). By comparing
CRM images in Fig. 6, the occurrence of nantokite was signiﬁcant
on Cu and Cu4Sn, less common on Cu15Zn and non-signiﬁcant
on Cu5Al5Zn. It is interesting to note that this order is the same
as the tendency for corrosion product ﬂaking, providing an impor-
tant piece of evidence for the important role of nantokite in the
ﬂaking process.
In summary, the patina formed on bare copper sheet and the
copper-based alloys during marine long-term exposure consists
of an inner layer of cuprite, an outer layer of paratacamite and a
layer of nantokite in between, the occurrence of which is the same
as the tendency for corrosion product ﬂaking of the materials
investigated.
3.4. Patina evolution and characteristics in laboratory exposures
In this section the formation of nantokite is elucidated further,
this time by exposing all materials with predeposited NaCl (4 lg/cm2)
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Fig. 6. Optical images (a–d) and combined Raman mapping images (a laser source of 532 nm, (e–h)) obtained with CRM on Cu2O (blue inner layer, integrated between 150
and 250 cm1, (i)), CuCl (red intertwined layer, integrated between 250 and 350 cm1, (j)) and the OH band in Cu2(OH)3Cl (green outer layer, integrated between 3300 and
3500 cm1, (k)) of cross-sections of patina formed on Cu, Cu4Sn, Cu15Zn and Cu5Al5Zn after 3 years of marine exposure.
20 X. Zhang et al. / Corrosion Science 85 (2014) 15–25to the same repeated wet/dry exposures as before, and analyze the
resulting corrosion products with SEM and CRM.
After exposure to 1 cycle (4 h at 90% RH followed by 2 h at 0%
RH), a few ring-formed corrosion features appeared on copper
and all copper-based alloys (Fig. 7a–d). These were induced by
the spreading of NaCl droplets formed through deliquescence of
predeposited NaCl when increasing the relative humidity from
dry to 90% [17]. However, different morphologies of the ring-
shaped features were observed, suggesting that the initial interac-
tion of the droplets with the surfaces can vary. Corrosion products
appearing white in the SEM images of Cu and Cu4Sn initially form
along the periphery of the rings (Fig. 7a and b), whereas on Cu15Zn
and Cu5Al5Zn the corrosion products preferentially form inside the
much darker appearing rings (Fig. 7c and d). Compositional analy-
sis by means of EDS showed the presence of Cu, O and Cl in the cor-
rosion products on all surfaces and also Sn on Cu4Sn, Zn on Cu15Zn
and Zn and Al on Cu5Al5Zn. White granular shaped corrosion prod-
ucts exhibited a higher content of Cl and O than the remaining cor-
rosion products. After exposure to 14 cycles (in all 7 days), severe
corrosion effects can be seen on Cu and Cu4Sn (Fig. 7e and f) with
frequent rounded corrosion products almost covering the whole
surface, independent of the original positions of NaCl droplets
(Fig. 7a and b). Agglomerates of corrosion products are randomly
seen on Cu and Cu4Sn, probably originating from the aggregation
of white granular corrosion products. The corrosion effects seen
on Cu15Zn and Cu5Al5Zn (Fig. 7g and h) after 14 cycles are much
less severe and more uniform than on Cu and Cu4Sn, and thering-like features seen after 1 cycle are still visible. Elemental anal-
ysis of corrosion product showed also here the presence of mainly
Cu, O and Cl.
Complementary CRM measurements of local areas
(25  25 lm) were performed of Cu4Sn with predeposited NaCl
(4 lg/cm2) after exposure to the same wet/dry cycles in the cli-
matic chamber as before. The colors and integrated bands for dif-
ferent patina constituents are the same as in Fig. 6. A ring-like
corrosion feature was selected after 1 cycle of exposure (Fig. 8a),
and the formation of cuprite surrounding the periphery of the ring
is evident (Fig. 8f). The characteristic morphology of cuprite crys-
tals can also be seen in the corresponding SEM-image (Fig. 7b)
along the periphery and also randomly distributed elsewhere.
The origin of the electrochemically driven formation of cuprite
has been studied in more detail elsewhere [22]. After 2 cycles
not only cuprite but also nantokite can be identiﬁed in ring-like
features, as seen in Fig. 8b and g. Cuprite covers most of the surface
while nantokite is concentrated along and inside the periphery of
the ring. In agreement with earlier studies on nantokite [10], the
morphology and distribution of nantokite is very similar to the
white corrosion products with small granular features seen in
Fig. 7b. After 6 cycles (Fig. 8c and h), cuprite and nantokite appears
to cover a large part of the surface with clusters of nantokite inside
circular features and cuprite outside. Nantokite has been reported
to form through reaction of cuprous ions from dissolved cuprite
and chloride ions [1,4]. After 14 cycles, the circular features are
not visible any longer, only shapeless clustered features. A local
Fig. 7. SEM images of patina formed on Cu, Cu4Sn, Cu15Zn and Cu5Al5Zn with
predeposited 4 lg/cm2 NaCl exposed for 1 (a–d) and 14 (e–h) cycles at 90% RH.
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expansion of the corrosion products the focus of the optical camera
in the CRM had to be lifted by about 1 lm in order to obtain a sharp
image, see Fig. 8e. Fig. 8i shows that the surrounding lower region
mostly consists of cuprite, while Fig. 8j provides evidence of parat-
acamite in the upper region. The transformation of nantokite to
paratacamite is facilitated by the porous nature of the patina
allowing penetration of moisture and oxygen [10]. Evidence forFig. 8. Optical images (a–e) and corresponding combined Raman mapping images (a la
between 150 and 250 cm1), CuCl band (red, integrated between 250 and 350 cm1) and
patina formed on Cu4Sn with predeposited 4 lg/cm2 NaCl exposed for 1, 2,6 and 14 wet/
the camera in the CRM lifted 1 lm.the concomitant volume expansion within the patina during this
transformation process was conﬁrmed by the height difference
between nantokite and paratacamite, cf. Fig. 8d–j.
Fig. 9 displays the patina formation on Cu, Cu15Zn and
Cu5Al5Zn with predeposited NaCl after exposure to 6 wet/dry,
obtained with CRM in the same way as in Fig. 8. Both cuprite
and nantokite were identiﬁed on all surfaces. However, the amount
of nantokite was signiﬁcantly lower for Cu15Zn (Fig. 9e) and
Cu5Al5Zn (Fig. 9f) than for Cu (Fig. 9d) and Cu4Sn (Fig. 8h), in
agreement with ﬁndings in Section 3.3 from the ﬁeld exposed sam-
ples. Furthermore, no paratacamite could be detected with CRM on
Cu15Zn and Cu5Al5Zn, while on Cu and Cu4Sn this phase was eas-
ily detected.
In summary, after exposure of all samples with predeposited
NaCl to an increasing number of wet/dry cycles at 90% RH of all
samples with predeposited 4 lg/cm2 NaCl, ring-like corrosion
effects could be seen initially as the result deliquescence effects
of NaCl. Cuprite formed initially and soon covered all surfaces.
Cuprite was followed by nantokite formation, which was much
more abundant on Cu and Cu4Sn than on Cu15Zn and Cu5Al5Zn,
following the same trend as in marine ﬁeld exposure. Paratacamite
could be detected after 14 cycles on Cu and Cu4Sn, but not on
Cu15Zn and Cu5Al5Zn. Comparing all results, the same reaction
pathway for the patina formation was revealed in the ﬁeld expo-
sures and in the laboratory exposures, with presynthesized CuCl
as well as predeposited NaCl.3.5. The inﬂuence of surface characteristics on nantokite formation
The previous section suggested different interactions between
the NaCl droplets and the surfaces of the materials investigated.
Further complementary analyses were therefore performed to
examine copper and the copper-alloys surfaces with predeposited
NaCl and exposed to cyclic dry/wet exposures. This time IRAS was
used to analyze the surface or near-surface composition to reveal
the overall corrosion product formation in an extended surface
region, rather than a local. Fig. 10 exhibits the ex situ IRAS spectra
in the wavenumber range from 500 up to 4000 cm1 obtained after
14 wet/dry cycles for Cu, Cu4Sn, Cu15Zn and Cu5Al5Zn, respec-
tively. Starting from lower wavenumber and going upwards the
peak at 651 cm1 is attributed to the vibration of Cu2O, cuprite
[30], formed on all surfaces. The peaks in the range from 700 toser source of 532 nm, (f–j)) obtained with CRM of the Cu2O band (blue, integrated
the OH band in Cu2(OH)3Cl (green, integrated between 3300 and 3500 cm1), of the
dry cycles at 90% RH. (e) Was obtained at the same area as (d) but with the focus of
Fig. 9. Optical images (a–c) and corresponding combined Raman mapping images (a laser source of 785 nm, (d–f)) obtained with CRM of the Cu2O band (blue, integrated
between 100 and 200 cm1) and CuCl band (red, integrated between 250 and 350 cm1), of corrosion patina formed on Cu, Cu15Zn and Cu5Al5Zn with predeposited 4 lg/cm2
NaCl exposed for 6 wet/dry cycles at 90% RH.
Fig. 10. Ex situ IRAS spectra obtained on Cu, Cu4Sn, Cu15Zn and Cu5Al5Zn with
4 lg/cm2 predeposited NaCl after exposure to 14 wet/dry cycles at 90% RH.
22 X. Zhang et al. / Corrosion Science 85 (2014) 15–251100 cm1 may originate from the bending mode of Cu–O–H and
for Cu15Zn and Cu5Al5Zn possibly also from bending modes of
Zn–O–H and/or Al–O–H [30,35]. A broad band from 1300 to
1600 cm1 with two peaks located at 1395 and 1515 cm1 are
clearly seen in the spectra of Cu15Zn and Cu5Al5Zn, but not for
Cu and Cu4Sn. This broad band most likely originates from anti-
symmetric stretching modes of carbonate (CO32) [36], and will
be discussed in more detail later on. In the higher wavenumber
range for Cu15Zn and Cu5Al5Zn a broad band is seen ranging from
3000 to 3700 cm1 which is commonly attributed to the presence
of hydroxide ions (OH) or water. In all, the results suggest the
presence of hydoxycarbonates mainly on Cu15Zn and Cu5Al5Zn.
It should be added that the main peaks from CuCl are located out-
side the investigated range of wavenumbers.
The exposures were repeated to obtain an in situ monitoring
with IRAS of the growth of the main peaks, with a CO2-concentra-
tion of 350 ± 50 ppm, in order to simulate the natural atmosphere.
Fig. 11 displays in situ IRAS spectra in the range from 500 up to
2000 cm1 obtained on Cu (a), Cu4Sn (b), Cu15Zn (c) and Cu5Al5Zn(d), predeposited with NaCl, after exposure to 1, 2 and 6 wet/dry
cycles. Cu2O, cuprite (648 cm1) appeared immediately after the
ﬁrst cycle and its intensity increased with increasing number of
cycles. In agreement with Fig. 10, the most pronounced feature
are the peaks between 1300 and 1600 cm1, forming evidence of
carbonate (CO32). The exact location of the peaks in this region
indicate different phases. A single peak located at 1401 cm1
for Cu5Al5Zn (Fig. 11d) has been assigned to hydrotalcite
(Zn6Al2(OH)16CO34H2O), a zinc aluminum hydroxycarbonate,
which has been reported to form on Zn–Al coatings in marine envi-
ronments [35,37]. The peaks located at 1373 and 1504 cm1
(Fig. 11c) have been assigned to hydrozincite (Zn5(CO3)2(OH)6)
[36], a phase formed in early stages of atmospheric corrosion of
bare zinc and galvanized steel [16,38]. Furthermore, the band
located at 1600 cm1 is attributed to the stretching vibrations of
water and hydroxyl groups. The assignments of peaks in the car-
bonate region of Fig. 11 up to 6 cycles then suggests that hydro-
zincite forms on Cu15Zn, while hydrotalcite forms on Cu5Al5Zn.
Hydrozincite is of importance for the surface properties of bare
zinc sheet and galvanized steel in chloride-rich environments [39],
and hydrotalcite has a similar role for zinc–aluminum based alloys
[17,40]. Studies by Cole et al. have shown that the atmospheric cor-
rosion of zinc in marine environments was enhanced during the
initial period of NaCl spreading, where the formation of hydrozinc-
ite was promoted in the secondary spread zone of the droplets,
characterized by a higher pH. Due to its resistance to chloride dif-
fusion and relatively high stability, hydrozincite has been shown to
protect the surface from further corrosion to a much greater extent
than other basic zinc compounds [41]. Hydrozincite may also pos-
sess a negative surface charge at pH lower than 7, which is attrib-
uted to the presence of conjugate base moieties on the surface [39].
A negatively charged hydrozincite surface has the capability of
repelling chloride ions, which may aid in preventing chloride-
induced atmospheric corrosion [39]. Similar effects may be
induced by hydrotalcite, besides improved barrier properties in
chloride-rich environments, as observed on Zn–Al coatings com-
pared to bare Zn/galvanized steel [17,42]. In addition to the
hydroxycarbonates discussed, other phases such as ZnO, Al2O3
and Zn5(OH)8Cl2H2O and/or Zn2Al(OH)6Cl2H2O may also enhance
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Fig. 11. In situ IRAS spectra obtained on Cu (a), Cu4Sn (b), Cu15Zn (c) and Cu5Al5Zn (d) after exposure for 1, 2 and 6 wet/dry cycles at 90% RH with predeposited 4 lg/cm2
NaCl particles and 350 ± 50 ppm CO2.
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ments [39].
In all, the IRAS studies provide evidence of the initial formation
of hydrozincite and hydrotalcite on Cu15Zn and Cu5Al5Zn, two
hydroxycarbonates that can reduce the inﬂuence of chloride ions
on the atmospheric corrosion of the alloys in marine environments.
These ﬁndings agree well with the earlier conclusions of reduced
nantokite formation on CuZn15 and Cu5Al5Zn compared to bare
Cu sheet and Cu4Sn, and provide an explanation for the different
behavior of the alloys investigated as discussed next.
3.6. The mechanism of corrosion product ﬂaking on copper and
copper-based alloys
An extensive study on the atmospheric corrosion of bare Cu
revealed commonly occurring sequences of important patina
constituents in different types of environments [1]. It starts with
cuprite, is followed by nantokite and ends with copper hydroxy-
chloride as either of two dimorphs, paratacamite (rhombohedral)
or atacamite (orthorhombic). For simplicity reasons all copper
hydroxychlorides have been denoted paratacamite herein.
In this study, bare copper sheet and copper-based alloys were
investigated in chloride-rich environment with the aim to possibly
reveal the mechanism behind corrosion product ﬂaking. Based on
current laboratory and ﬁeld exposures, the earlier proposed
sequence of patina evolution on bare copper was validated for
the copper-based alloys as well. In addition, other phases were
identiﬁed formed through reaction between the main alloying
elements (Sn, Zn and Al) and the atmospheric environments. Theseadditional phases turn out to be crucial for the ability of the corro-
sion products to adhere to the substrate or not.
A summary of all ﬁndings of this study are schematically dis-
played in Fig. 12. In moist atmosphere, cuprite (Cu2O) forms on
copper sheet and on all copper-based alloys, while zinc oxide
(ZnO) and/or aluminum oxide (Al2O3) forms on Cu15Zn and
Cu5Al5Zn. CO2 in the atmosphere and dissolved in the aqueous
adlayer rapidly forms hydrozincite (Zn5(CO3)2(OH)6) and/or hydro-
talcite (Zn6Al2(OH)16CO34H2O) on Cu15Zn and Cu5Al5Zn. High
chloride deposition rates result in local nantokite (CuCl) formation
through reaction of chloride ions and cuprous ions. This phase
turns out to be much more common on Cu and Cu4Sn than on
Cu15Zn and Cu5Al5Zn, making the former two materials much
more sensitive to chloride-induced atmospheric corrosion than
the latter two. It easily transforms to paratacamite (Cu2(OH)3Cl)
through reaction between nantokite, water and oxygen. Parataca-
mite is a more voluminous corrosion product than nantokite, with
a molar volume, i.e. the molar mass divided by the density, of 61.02
cm3/mol as compared to that of nantokite, 23.88 cm3/mol. Hence,
the transformation of nantokite to paratacamite is connected with
a signiﬁcant volume expansion. The location of nantokite in the
patina layer in-between cuprite and paratacamite and its continu-
ous formation and transformation to paratacamite induces internal
physical stresses, this leads to a separation between the inner
patina layer (mainly cuprite) and the outer patina layer (mainly
paratacamite), which induces the ﬂaking process primarily
observed on Cu and Cu4Sn.
The existence of the hydroxycarbonates hydrozincite and/or
hydrotalcite improves the barrier properties of Cu15Zn and
Cu2O
CuCl Zn5(CO3)2(OH)6 Zn6Al2 (OH)16CO3·4H2O
Hydrozincite Hydrotalcite
SnO2
ZnO Al2O3
Cu15Zn Cu5Al5ZnCu4Sn Cu
Flaking  through
volume  expansion
Cu2(OH)3Cl
Formation 
hindered
Severe flaking No flaking
Fig. 12. Sequence of phases observed in corrosion products formed on Cu, Cu4Sn, Cu15Zn and Cu5Al5Zn upon long-term unsheltered exposure in marine environments and
short-term laboratory exposures in chloride-containing environments. Key processes governing the mechanism of ﬂaking are indicated in blue.
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surface chemistry and surface charge. Thereby the formation of
nantokite and subsequent transformation to paratacamite are
depressed, and then the ﬂaking of corrosion products on these
alloys is highly reduced.
4. Conclusions
1. The patina on bare copper sheet and three commercial cop-
per-based alloys, Cu4Sn, Cu15Zn and Cu5Al5Zn, formed dur-
ing atmospheric exposure in a marine environment and in
laboratory environment with additions of chlorides, is com-
posed of an outer layer of Cu2(OH)3Cl (paratacamite), an
inner layer of Cu2O (cuprite), and a layer in-between of CuCl
(nantokite).
2. The patina on bare Cu and Cu4Sn forms loosely adherent
corrosion products that commonly ﬂake from the surface,
while that on Cu15Zn and Cu5Al5Zn forms more adherent
corrosion products with signiﬁcantly less tendency for
spallation.
3. Artiﬁcial nantokite on bare copper sheet was successfully
synthesized and appears as crystals with triangular side.
After exposure to wet/dry cycles in humidiﬁed air the artiﬁ-
cial nantokite layer transforms to a greenish voluminous
patina layer of paratacamite.
4. With increasing abundance of nantokite the tendency for
ﬂaking of corrosion products increased. This is explained
by the gradual transformation of nantokite to paratacamite
which induces a volume expansion and internal stresses
within the patina.
5. Cu15Zn and Cu5Al5Zn alloys are much less sensitive to
chloride-induced corrosion product ﬂaking than bare Cu
sheet and Cu4Sn. This is attributed to the initial formation
of the Zn- and Zn/Al-hydroxycarbonates hydrozincite and/
or hydrotalcite on Cu15Zn and Cu5Al5Zn, which decrease
the interaction of chlorides with these alloy surfaces.
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